Abstract: Toxic volatile organic chemicals (VOCs), such as chloroform, are widely used in polymer manufacture in the field of implants and polymeric drug carriers. Several processes have to be carried out in order to remove toxic VOCs for patient safety without changing the thermal characteristics of the polymers. Therefore, we analyze the common commercial implant polymer poly(Llactide) (PLLA) and screen different annealing-and rinsing processes considering influence on their morphology and thermal properties. For PLLA a rinsing step followed by annealing results in acceptable chloroform contents according to the International Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use (ICH) recommendations. Annealing processes reveal the lowest chloroform content after one day, which did not further decrease significantly with extended annealing time.
Introduction
Volatile organic chemicals (VOCs), such as chloroform, are often used in the manufacture of polymeric implants or polymer based drug delivery systems. The well-considered choice of the solvents is relevant for the physical polymer characteristics such as crystallinity and drug release profiles. Hence, a change of solvent is most likely not feasible. Normally, practical manufacture techniques do not completely remove the solvents. However, acceptable amounts of residual VOCs in polymeric implants should be reached for the safety of the patients.
Therefore we analyzed our film manufacture of poly(Llactide) (PLLA) according to the residual chloroform in the films because they are widely used in the implant field. Moreover we performed a screening to test several rinsing and annealing procedures and analyzed their impact on the residual chloroform, morphology and thermal properties. Conditions were chosen to not alter thermal and morphological characteristics of the films. We aimed for a residual chloroform concentration of 0.006 mass percent of the polymer according to the recommendations of ICH Harmonised Tripartite Guideline 4 (2009) [1] .
Material and methods

Film preparation
The polymer film was prepared using the following procedure: 0.75 g PLLA (RESOMER ® L210, M w = 380.000, Evonik, Germany) was dissolved in 25 ml chloroform and the resulting solution was poured into a glass petri dish (Ø = 9 cm). The solvent was allowed to evaporate until a 100 µm thick film had formed, which was cut from the petri dish.
Annealing procedure
After film preparation several annealing and rinsing procedures were screened for PLLA. First an annealing process was started using a vacuum drying cabinet (UM20, Memmert GmbH & Co KG, Deutschland) at 40°C or 80°C with 40 mbar and the chloroform concentration was determined after several time points (see Table 1 ).
Rinsing procedure
Additional rinsing steps of the films were performed before annealing to reach the recommended chloroform Table 2 : Screening of different rinse processes. All rinsing steps are performed for 24 h. Annealing process for PLLA was 24 h at 40°C.
Process no.
Step no. concentration. In a first step methanol was used followed by a rinsing step with ultrapure water. Each rinsing step was performed for 24 h. Different rinse combinations were screened (see Table 2 ). Best conditions of the annealing screening were used after each rinsing procedure.
Trace chloride analyses
The samples were weighed using a special accuracy balance (UMX 5, Mettler Toledo, Switzerland) prior to determination of chlorine content. A TOX-2100H Total Chlorine Analyzer (Mitsubishi Chemical Analytech Co., LTD, Japan) was used were weighed samples were combusted in an argon/oxygen atmosphere. The resulting hydrogen chloride was led into a titration cell where it was automatically titrated by silver ions generated coulometrically. The amount of chlorine was calculated by the quantity of electricity required for the titration.
Morphology
The morphology of the PLLA specimens was examined with a SEM QUANTA FEG 250 (FEI Company, Germany). The samples were fixed on aluminium trays with conductive tape. The images were taken at various magnifications.
Differential scanning calorimetry (DSC)
Melting behaviour was measured using a DSC 1 Stare system (Mettler Toledo, Switzerland). The specimens of n = 5 films per subgroup were heated at a rate of 10 K/min and cooled down at a rate of 20 K/min operating under nitrogen pressure. The sample weights were in the range of 3-6 mg. The data were analysed with respect to the degree of crystallinity (χ). The heats of fusion and crystallization were quantitatively evaluated by determining the endothermic and exothermic peak areas. For the latter a value of χ 100 = 93.7 J/g [2] for totally crystalline PLLA was used.
Statistical analysis
Statistical analyses of data were performed using a twotailed t-test according to [3] . The experimental data were shown as mean ± standard deviation. The p-value of <0.05 was considered as statistically significant.
Results
Annealing processes reveal lower residual chloroform at 80°C then 40°C (see Table 3 ).
After the first day a significant decrease of residual chloroform for PLLA is observed. There is no further significant decrease with increasing annealing time. Additionally, in contrast to 40°C, ringlike cavities at 80°C annealing process with a growing diameter over annealing time are determined (see Figure 2 ).
Due to high residual chloroform after the annealing process we also performed a rinsing process screening before annealing (see Figure 1) . Unfortunately, ringlike cavities whose diameters grow with increasing rinsing steps occur (see Figure 2) . Measured crystallinity after rinsing and annealing is 34.47 ± 6.29%. ESEM pictures of PLLA films at 1000× magnification. PLLA after film preparation (A), after 1 day annealing at 80°C (B), after 7 days annealing at 80°C (C), after rinsing process 1 (D), after rinsing process 2 (E) and after rinsing process 3 (F). HV, high voltage; det, detector; LFD, large field detector; WD, working distance; HFE, horizontal field width; mag, magnification.
Discussion
Heat temperature was chosen related to the glass transition temperature of the polymers. Nevertheless, it is not possible to reach the recommended chloroform content [1] by an annealing process only, neither at 40°C nor at 80°C. The lowest residual chloroform is observed after 1 day of annealing. Increasing annealing time results in non-significant lower chloroform content. Therefore additional rinsing procedures have been screened. The results reveal a high impact of methanol in terms of decreasing the chloroform content [4] . The following rinsing process with water was performed to reduce residual methanol.
The results of the crystallinity determined by DSC measurements are similar to reported crystallinities of PLLA at 39.7% [5] .
In contrast to the annealing process at 40°C, morphological changes are visible after the annealing process at 80°C and also after the rinsing procedures (see Figure 2) . Changes in microstructure are induced by the solvent, which acts as a plasticizer. T G of PLLA is shifted to lower temperature in the presence of a high amount of chloroform [6] , so the amorphous regions of PLLA are in the liquid phase and molecular chains are more flexible during the rinsing and annealing process. Hence, crystal growth can occur. The final treatment process is rinsing process 3 (see Table 2 ) and annealing at 40°C and 40 mbar for 1 day to remove the residual chloroform with marginal effects on morphology and thermal properties. However, due to the resulting morphological changes further investigations to improve rinsing processes are disclaimed.
